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Abstract.

Interannual salinity variations in North Atlantic

SubtropicalMode Water (STMW) are well known although
the cause is less well understood. Attempts to model local salinity variation with local evaporation and precipitation have not been successful and some authors

invoke

ad-

vection of low salinity water as the cause. Examination
of the STMW and North American river runoff data suggeststhat runoff may partly explain the salinity variations.
It is known that low salinity water resulting from Mississippi River outflow is transported well past Cape Hatteras.
Spearman Rank Correlation analysisand spectra and crossspectra Fourier correlation analysis both show that river
flow is significantly inversely correlated with STMW salinity. This result suggeststhat North American river flow may
have an influence on the salinity of STMW.

[Talley and Rayruer,1982; Talley, 1996; Joyceand Robbins,
1996]. Talley [Talley, 1996] noted that"
the source
of fresher water would be the Gulf Stream and slope wa-

ter region to its north." while Joyce and Robbins [Joyce
and Robbins,1996] noted that"
the T/S variability in the surfacelayer is uncorrelated, which suggestssome
other processessuch as precipitation, runoff, or possibly in-

ter gyre exchangewith the subpolarNorth Atlantic [Talley,
1996]might be key factorsas well." In this paper we find a
strongrelationshipbetweenperiodsof high MississippiRiver
runoff and low STMW salinity and vice versa. These results
strongly suggestthat variations in continental runoff may
be an important causeof STMW salinity variability.
2.

The

Data

The Mississippi
Riverdeliverson averageabout600 km3
yr-• freshwater
to the Gulfof Mexico.Thisflowrepresents

1. Introduction
Although salinity variations in the North Atlantic Ocean
are thought to be very important to global climate cycles

[Broecker,
1991]there are few time seriesavailablefor analysis and few attempts to examine the causesof salinity variations. Local evaporation, precipitation and mixing cannot
explain the observed salinity variations so advection is usu-

ally mentionedasthe probablecause[Bjerknes,1964; Talley,
1996]. Observations
of largeamountsof freshwaterfrom the
MississippiRiver in the Gulf Stream [Atkinsonand Wallace,1975; Ortner et al., 1995]in 1973 and 1993 led to the
hypothesisthat the varying amount of continental runoff incorporated into the Gulf Stream from North America may
partially explain some of the observed North Atlantic salinity variations. In this letter we test this hypothesis by analyzing the correlation between Mississippi River flow and

about 64% of the total runoff flowingfrom the Gulf and Atlantic coastsof the United States[Guetterand Georgakakos,
1993]. Sincethe MississippiRiver drainsboth high and low
latitude parts of the United States it tends to integrate the
larger scale flow patterns. While we could have used data
from other rivers, the longer MississippiRiver data set provides a better perspectiveof runoff variation and possible
relations to salinity variation. The Mississippiflow data
consistsof 23741 daily values beginning on i January 1930

(Figure 2).
Station S off Bermuda has been occupiedat various intervalssince1954 [Michaelsand Knap, 1996]. The salinity
data consistsof a large number of individual measurements
of salinity in STMW over slightly more than 41 years. We
used all salinity data where the temperature was between

the salinityof 18 DegreeWater off Bermuda(Figure 1). We

18 and 19ø(2. Since the data were from bottle or (2TD casts

find a relationship between periods of high runoff and low
salinity and vice versa. These resultssuggestthat variations
in continental runoff may be an important causeof salinity
variability and deserve more attention.
Eighteen Degree Water or Subtropical Mode Water

there were many points for each day of observations. All
salinity measurementswithin the temperature range for a
single day were averaged. This processyielded 757 daily

(STMW) is formed southeastof the Gulf Stream (Figure
1) in the winter where continentalderivedcold fronts cool
surfacewaters and deepenthe mixed layer [Worthington,
1976; Michaelsand Knap, 1996]. While there are few long

from i day (4 instances)to 482 (1 instance). There were

term measurementsof the formation processthere are long

valuesover the 41-year period (Figure 2). The intervals
between successivemeasurementsspansa very wide range;
2 casesof 2 day intervals, i of 3 days, 5 of 4 days, and so
on up to i each of 83, 91,104, 105,127 and 143 days. The
median interval between measurementsis 33 days and the
mode is 14 days. Neverthelesswe have linearly interpolated

term measurementsof the resulting T/S structure avail- overall gaps. This givesa record15,132dayslongbeginning
able from Station S near Bermuda [Michaelsand Knap, on April 10, 1954. In the following analysiswe use the two
1996]. Severalauthorshave noted that observedvariations data sets: the exact 757 valuesand the 15,132 interpolated
in STMW salinity cannot be explained by local processes

values.

3. Analysis
Copyright1999by theAmericanGeophysical
Union.

The analysisinvolvesexamining the time series,the frequencyspectraand the correlationbetweenthe Junfiltered
and filtered] runoff and salinity data.
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the time seriesare correlated. To test for correlation we performed two tests: Spearman's Rank Correlation and crossspectral correlation analysis.

30øW

3.3. Spearman's
45

N

Rank Correlation

To test for correlation we used Spearman's Rank Corre-

....

lation coefcient [Lehmann,1975;Press,1994]. To calculate
this coefcient we must use data points from both time series at correspondingtimes. In order to do this, for the zero
lag case, we pick the set of values of flow rate on those days,
and only those days, for which we have salinity values: the
757 pairs. For any non-zero lag we do the same with the values of the flow rate coming from the set of days for which we
have salinity valuesbut each shifted by the lag. The results
of this calculation are shown in Figure 3. The top panel in
Figure 3 showsthe plot of the Spearman's Rank Correlation
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coefcient vs. the lag (solidline). The lag was varied from
-2000 to 2000 days. Over a broad range of lags (-1000 to
1000 days) the correlationcoefficientis more negativethan
Figure
tion

1. LocationMap. The locationof the Bermudasta-

where

STMW

the time

is formed

series measurements

are made

is indicated.

in the area of the box.

3.1. River Flow Spectra
The 65 years of river flow data (Fig. 2, upper panel,
thin line) has a strongannualsignalthat is obviousvisually.
Using Fourier methods we found that 49% of the variance
wasin the annualsignal. The lowpass(3.6 y) flow rate data
(Fig 2, upper panel, thick line) was analyzedusingFourier
methods. The results showed a large, undistinguished peak
in the lowest few frequency bins; as usual Fourier methods
cannot separate very low frequencysignalswhich have only a
few periods in the entire record. For this reasonwe then used
the Maximum Entropy method to examine the structure of
the low frequency components.
Using the Maximum Entropy method we found that the

-0.4 and has a broad peak near a lag of-400 days where it
is about -0.6. The anti-correlation is what one expects: increasingflow from the Mississippi should result in a decrease
in salinity and vice versa.
To further test the correlation we also calculated Spearman's Rank Correlation using the filtered flow rate and filtered interpolated salinity series. This is shown in Figure 3

(upper panel) by the dotted curve. In general,both Rank
Correlation's agree, although there are differencesin detail.
These are expected when comparing results from measured
757 and the interpolated 15,132 pairs.
The significance of the Spearman's Rank Correlation is

foundby calculatingthe statistict, with t - r[(n - 2)/(1-

r2)]•/2 wherer isthevalueofSpearman's
RankCorrelation
coefcient and n is the number of pairs used in its calculation. This statistic is approximately distributed as Student's
t with n-2 degrees of freedom. Thus we can calculate the
probability that the null hypothesis, that the two time series

spectrumof the low pass filtered data had four large (at are uncorrelated,is true. This probability (Figure 3, lower
least an order of magnitudegreater than the background) panel) is zero for lags between-1500 and 1500 indicating
and stable peaks. These are at periods of 36.4, 12.3, 7.6
and 5.8 years. The spectral peak at a period of 36.4 years
is somewhat suspectbecausethe data coversonly about 1.5
periods of this component. However, it is the largest of the
four peaks; we believe that its existenceshowsthat there is
a long period component, with a period in the range of 20
to 50 years, present in the MississippiRiver flow data.

3.2. STMW

Salinity

that the correlation is significant.
The question of how the time series may be correlated
with runoff leading salinity may be explained by the fact

Spectra

Similarly the interpolated salinity record was spectrally
analyzed using Fourier methods. Again, nearly all the energy was in a large undistinguishedpeak in the lowest few
frequency bin. The interpolated salinity data was low-pass
filtered using the samefilter as for the flow rate data (Fig
2, bottom panel, thick line). Applying the Maximum Entropy methods we found that this salinity record had two
very narrowand large (about two ordersof magnitudeabove
the background)peaksat 11.2 yearsand 20.3 year periods.
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Least squaresfitting of harmonicswith theseperiods[MacDonald, 1989] to the salinity record showedthat they ex-
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plained 66% of the total, before filtering, variance.
It is perhaps not surprising that both these time series
Figure 2. River flow and salinity. UpperPanel' Unfiltered
have spectral peaks in the same range of periods. Many
(thin line) and low-passfiltered (thick line) MississippiRiver daily
geophysicaltime serieshave spectral peaks in this range of flow. Lower Panel: Unfiltered (thin line) and low-passfiltered
STMW salinity(thick)
periods. The existence of these peaks does not mean that
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energy. The phase in this range lies in 150 to 180 degrees;
thus the two signalsare nearly completely out of phase.
These results confirm the resultsof the Spearman'sRank
Correlation

4.

coefficient

calculation.

Discussion

Given the indications that STMW salinity and Mississippi River runoff are inverselycorrelatedthe questionarises
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3. Spearman's
Rank Correlationbetweenunfiltered

and filtered runoff and interpolated STMW salinity. Upper panel:

Correlation between unfiltered (solid line) and filtered (dashed
line) runoff and interpolated salinity using the Spearman Rank
Correlation Coefficient at various lags; Lower panel: probability
that

the time

series are uncorrelated.

0.5
that thesetime seriesare rather short and the salinity is correlated with prior runoff changesbecauseall runoff changes
are similar in amplitude and frequency.

3.4. Spectra and Cross-Spectra
using Fourier Methods

Correlation

Filtered flow rate and filtered interpolated salinity series were used to compute spectra and cross-spectrausing
Fourier methods. The results at low frequenciesare shown
in Figure 4. The spectra are normalized by dividing by
the product of the appropriate variances and delta t. These
spectra of the filtered data have no energy at periods greater
than about 2.2 years. At the lower frequenciesthey have,
as described above, broad undifferentiated peaks. The coherency is greater than 0.6 at the lowest frequencieswhere
both the spectra of flow rate and salinity have significant

o

-0.5
-1

0

0.5

1

f(cycles/year)
Figure 4. Crossspectracorrelation
betweenfilteredrunoffand
salinity. Upper Panel: Normalized spectra of filtered runoff and
STMW salinity; Middle Panel: Coherency between filtered salinity and runoff; Lower panel: Phase relationship between filtered
salinity and runoff.

2980

ATKINSON

AND

GROSCH:

RUNOFF

as to whether the volume of fleshwater that might be transported to the formation area is sufficient to change the
salinity of the STMW by the amount observed. Approxi-

AND

MODE

WATER

Acknowledgments.

We thank the Bermuda Biological

Station for Research for gathering and making the data public

and Lynn Talley (ScrippsInstitution of Oceanography)for providing an edited set to us. The U.S. Army Corps of Engineers
is thanked for making the Mississippi River flow public and Dr.

mately400 to 800x103km3 of STMW is formedeachyear
[Marsh and New, 1996]. The salinity variationsobservedin William Wiseman (LouisianaState University) for providing an
the STMW are in the 0.1 to 0.2 range. Rough calculations

suggest
that about1100to 4400km3 fleshwater
wouldbe
required to cause the observedsalinity variations. During
years of high runoff such as 1972 or 1993 the flow of the

Mississippi
River aloneamountedto ca. 500 km3 during
the summerand fall [Goolsby,1994]. Of coursethe Mississippi is not the only river contributing to fleshwater supply
to the North

Atlantic.

The

total

flow from east and south

coastsamountsto about880 km3 per year [Guetterand
Georgakakos,
1993]. While these annualizedamountsare
not sufficientto causethe observedsalinity anomalies alone,
when we consider that the anomalies occur over nearly a

decade(Figure 2) the amountsof fleshwateravailablefrom
North American runoff appear to be sufficient to produce a
significant percentage of the observed anomalies.
The advection
North

of water

American

from the Gulf of Mexico

shelf waters

is known.

and other

Drifters

are rou-

edited data set. Dr. Thomas Royer is thanked for his insights
and comments. Correspondenceand requestsshould be addressed
to LPA at atkinson@ccpo.odu.edu. Data used in this paper are

availableat www.ccpo.odu.edu/atkinson/grl.html. We thank the
Bermuda Biological Station for Research for gathering and making the data public. BBSR is funded under National Science
Foundation grant OCE 9617785 to Dr. Tony Knap.

References
Atkinson, L. and D. Wallace, The sourceof unusually low surface
salinities in the Gulf Stream off Georgia, Deep-Sea Res., 2oø,
913-916, 1975.

Broecker, W. S. , The Great Ocean Conveyor, Oceanography,4,
79-89, 1991.

Bjerknes J., Atlantic air-sea interaction, Adv. Geophys., 10, 1-82,
1964.

Goolsby,D. A., Flux of herbicidesand nitrate from the Mississippi

River to the Gulf of Mexico, in M. J. Dowgiallo (ed.), Coastal
Oceanographic effects of 1993 Mississippi River Flooding, Spe-

tinely released in the Gulf of Mexico and tracked as they

cial NOAA Report. NOAA Coastal Ocean Office/National

exit via the Straits of Florida. Plate One in [Ortner et al.,
1995] showsthe path of one suchdrifter. The total drift

Weather Service, Silver Spring, MD, pp. 32-35.
Guetter, A. K. and K. P. Georgakakos, River outflow of the conterminous United States, Bull. Am. Met. $oc., 74, 1939- 1988,

time from the mouth of the Mississippi River to the Keys
was about

one month

and

it took

an additional

month

to

reach Cape Hatteras. From Cape Hatteras to the STMW
formation
time

area is at least

of at least

area lies south

three

five months.
of the Gulf

months

Since
Stream

for a total

the STMW
eastward

transit

formation

or southward

winds may be required to advect low salinity water to the
area. This of course happens during the late winter when
STMW

formation

occurs.

1993.

Joyce, T. M. and P. Robbins, The long-term hydrographic record
at Bermuda, J. Climate, 9, 3121-3131, 1996.
Lehman, E. L., Nonparametric statistical methods based on
ranks, Holden-Day, San Francisco, 1975.
MacDonald, G. J., Spectral analysis of time series generated by
nonlinear process, Rev. Geophys, 27, 449-469, 1989.
Marsh, R. and A. L. New, Modeling 18 degree water variability,
J. Phys. Oceanogr., 26, 1059-1080, 1996.
Michaels, A. F. and A. H. Knap, Overview of the U.S. JGOFS
Bermuda Atlantic Time Series, Deep-Sea Res., 4O0,157-198,

STMW salinity variability is no doubt significantly af1996.
fected by the North Atlantic Oscillation and other large scale
Ortner,
P. B., et al., Mississippi River flood waters that reached
climatic processes. NAO type climate variability processes
no doubt

cause the variation

in runoff

that

we have exam-

ined. Those same processesalso cause local changesin E-P
at the STMW formation site however our evidence suggests
that some of the observed salinity variations may be caused
by river runoff.

5.

Conclusion

the Gulf Stream, J. Geophys. Res., 100, 13595-13601, 1995.
Press, W. H., Numerical recipes in FORTRAN: The art of scientific computing, Cambridge Press, 1994.
Talley L., North Atlantic circulation and variability for the CNLS
Conference, Physica D 98, 625-646, 1996.
Talley, L. and M. E. Raymer, Eighteen Degree Water variability,

J. Mar. Res., 40(suppl.), 757-775, 1982.
Worthington, B. A.,
Deep-Sea Res., 5,
Worthington, B. A.,
Hopkins Press, 6,

The 18 degree water in the Sargasso Sea,
297-305,1959.
On the North Atlantic circulation, Johns
1976.

Our results suggest that there is a real possibility that
continental runoff variability may be a more significant
causeof oceanic salinity variability than previously thought.
Based on these results several questionscome to mind: Does

L. P. Atkinson and C. E. Grosch, Center for Coastal Physical Oceanography, Old Dominion University Norfolk, VA 23529.

runoff entrained

(e-mail: atkinson@ccpo.odu.edu;
enright@ccpo.odu.edu)

in the Kuroshio

have a similar

effect on the

North Pacific?; Does Amazon and Gulf of Guinea runoff effect salinity in the tropical North Atlantic where Subtropical
Underwater is forming? Unfortunately, there have been few
systematic measurements of oceanic salinity at resolutions
sufficient

to determine

in oceanic salinity.

the causes of interdecadal

variations

(ReceivedNovember 11, 1998; revisedMay 21, 1999;
acceptedJune 29, 1999.)

